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Ac i n v e s t i g e t i o i l  of t k e  h e a t  t r a n s f e r  t o  a s u r f a c e  from 
p l a n e  h e a t e ? - a i r  j e t s  d i s c h a r g e d  t a n g e r t i z l l v  t o  t h e  F u r f a c e  

i n  t h e  a e s i g r ,  of k e z t e d - a i r  j e t  i n s t a l l s t i c c s  for a i r c r a f t  
w i n d s h i e l d  f o g  p r e r e c t  i o n .  

t was c o n d u c t e d  t o  p r o v i d e  h e B t - t r a n s f e r  r e l s t  io r , s ?L iDs  r e q u i r e d  

-7 Axper i m e n t a l  t e a p e r a t u r e ,  v e l o c i t y ,  and h e s t - t - s n s f e r  
d a t a  were  o b t a i n e d  bp t e s t s  In which  t h e  i n i t i a l  J e t  tem- 
p e r a t u r e  a n d  v e l o c i t y  ueTe v a r i e O  f r o r  101" t o  15~' a>& 
f r o =  5 2  t o  218 f e e t  Der s e c o n d ,  respect ive:-7.  --- ' e t s  were 
>roc?u:eC b y  t h r e e  nozzles o f  d i f f e r e n ?  d e p t h s :  r s m e l y ,  
C.lG2, C.313, acd 0.547 i n c h .  

C I >  e 

The r e s u l t i r g  d a t a  were co r re1a t ; ed  t o  y i e l d .  r e l a t i o z -  
s k i p s  f o r  t h e  m s x l m * i m  p r o f i l e  j e t  v e l o c i t 5 c s  ar,d t e z T e r s t - J r e s ,  
a n d  t h e  c o e f f i c i e n t s  o f  h e a t  t r a n s f e r  from t h e  j e t  t o  t h e  
s x r f a c e ,  i r -  t e r z s  o f  t h e  n o z z l e - e x i t  j e t  v e l o c i t y  and tem- 
per3 t -J I .e  a n d  o f  t h e  d i s t a x c e  f r o m  t h e  a p p a r e n t  j e t  o r i g i n .  
Tne t e s t  r e s u l t s  a r e  p r e s e n t e d  in t a b u l a r  form ar?d t 3 e  
c o r r e i a t  i o x s  of t h e  d a t a  a r e  i l l u s t r a t e d  g r s p h i c a l l g .  

IYTTBODUCT I03 

% r i n g  a n  a n a l y t i c a l  f n v e s t i g a t i o n  o f  +,he u s e  of  h e F t e d -  d 

air j e t s  t o  p r e v e r , t  f o g  f o r n a t i o n s  on t 5 e  i n s i d e  surface of  

h e a t - t r a n s f e r  d q t q  were  n o t  a v s i l a ' o l e ;  c o r c e o - i e n t l y ,  t k e  
p r e s e n t  i n r e s t i z a t i o r  on t h e  h e a t  t r s z s f e r  t o  2 s z r f s c e  f - r m  

U b c f l e t - r e s i s t i n g  w i n d s h i e l d s ,  i t  was f o u n d  t h s t  t h e  r e a - i f r e d  
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a p l a n e  h e a t e d - a i r  j e t  d i r e c t e d  t a n g e n t i a l l y  t o  t h e  surfzce 
( h e r e i s a f t e r  d e s i p a t e d  as a s ' i r f a c e  j e t )  wes u n d e r t a k e n .  

The r a t e  o f  t r a n s f e r  of h e a t  from a s a r f s c e  j e t  t o  t h e  
s u r f a c e  a t  a p o i n t  a n y  d i s t a n c e  from t b e  nozzle e p i %  msy b e  
d e f i n e d  as e a u i v a l e n t  t o  t t e  p r o d u c t  o f  a c o e f f i c i e n t  o f  h e s t  
t r a n s f e r  a n d  t h e  d i f f e r e n c e  between t h e  mar:nu;a y r o f i l e  t e c -  
p e r s t u r e  i n  t h e  > e t  a n d  t h e  t e n p e r s t u r e  o f  t h e  s u r f a c e  a t  
t h a t  p o i n t .  The c o e f f i c i e n t  o f  h e a t  t r a n s f e r  i s  OeFendent 
p r i n c i p a l l y  upon t t ;e  j e t  v e l o c i t y  and  t e n p e r a t w - e ,  X a u a t i o n s  
e s t a b l i s h i n g  t h c  r e l a t f o n s h i p  be twee2  t h e  j e t  v e l r ? c l t p  acd 
t h e  m a j o r  j e t  p s r a s e t e r s  o f  u n h e z t e d  s u r f a c e  j e t s  a r e  a v a i l -  
a b l e  in r e f e r e c c e  l a c d  t h e o r e t i c a l  t e m p e r a t u r e  r e l s t  i oEsk5ps  
f o r  freely exparidiEg hea+,ed  j e t s  a r e  a v a i l a b l e  in r e f e r e n c e  
2. The a p c i i c a t i o n  o f  t h i s  i n f o r m s t  i c n  t o  hes t ec l - su r f - ce  
j e t s  h a s  n o t  been p r e v i o u s l y  a c c o n p l i s h e d  end t h e r e  a r e  n o  
a v a i i a b i e  e x g r e s s i o n s  for t h e  coeff l c i e n t  o f  k e s t  t r z c s f e r  
for s l l r f a c e  j e t s .  

, 

t 

The p u r p o s e  of t h e  p r e s e n t  i E v e s t i g a t i o n  w s s  t o  e s t a b l i s h  
r e l a t i o c s h i p s  g e n e r a l i z i n g  t h e  v a r i a t 2 o z  o f  v e l o c i t y ,  t e -  
p e r a t u r e ,  aEd c o e f f i c i e n t s  o f  h e a t  t r a n s f e r  i~ h e a t e C - s z r f a c e  
j e t s  in o r d e r  t h s t  a r q t i a n a l  a p p r o a c h  t o  t h e  u s e  o f  h e a t e d -  
a i r  j e t s  for f o g  p r e v e n t i o n  c o c l d  be  msde. 

n7' 
A L ~  i n v e s t i g 3 t  ia r .  i n c l c d e d  t h e  e x 7 e r i m e 2 f a l  e v s ' r l i s t l o n  

o f  t h e  v e l o c i t . 7 ,  tern?ers"sre,  and  h e s t - t - a r s f e r  c 5 3 r a c t e r -  
i s t i c s  o f  k e a t e & s u r f z c e  j e t s  ernergfng f-ors. n o 7 . r I e s  o f  t h r e e  
d i f f e r e n t ,  c o n f i r d r a t i o n s  e t  s e v e r a l  i n i t  i r l  ve ; .=c i tv  a n d  
t e m p e r a t u r e  cocc~:: ions. The r e s u l t  i c g  d a t a  ? re  c o r r e ? - s t , e d  
ic t e r x s  o f  t h e  j e t  p r o p e r t f e s  a t  t h e  j e t  nozzle e y f t  s n 0  t h e  
r e l z t i o r s h i p s  d e v e l o p e d  z r e  g e n e r a l l y  a p p l i c a b l e  t o  t 3 e  h e a t  
t r a n s f e r  f r o a  s u r f a c e  j e t s  t o  ~ m o c t f i  f l a t  s u r f s c e s  when t h e  
h e a t  f l o w  t o  t h e  s u r f a c e  i s  comparab le  t o  t h z t  w5icfi r i r e v ~ i l s  
i n  a p l a n e  h e a t e d - a i r  j e t  i n s t a l l a t i o n  f o y  a i r c r a f t  w f ~ 5 -  
s h i e l d  fog p r e v e n t i o n .  

T h i s  I n v e s t i g s t i o n  was c09d11Cted as F z r t  o f  a F e n e r e 1  
s t u d y  o f  a i r c r a f t  w i n d s h i e l d  fog p r e v e r ? t i c n  which W Q S  uz6er- 
t a k e n  by t h e  Ames A e r o n a u t i c a l  L a b o r a t o r y  a t  t h e  r e q c e s t  o f  

&3 t h e  Bureau  of A e r o n a u t i c s ,  Navy 3 e p a r t n e n t .  

1 SPM 3 CL s 

'The synibols u s e d  i n  t h i s  r e p o r t  are d e f i n e d  as  f o l l o w s :  

c c o n s t a r t  

d s u r f a c e  j e t - n o z z l e  d e p t h ,  f e e t  
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m 

d r  r e f e r e n c e  s u r f s c e  j e t - n o z z l e  d e p t h  ( 1 / 1 2  f t  

e d i s t a n c e  from a p p a r e n t  j e t  o r i g i n  t o  n o z z l e  e r i t  
( O / t a n  a > ,  f e e t  

h c o e f f i c i e n t  o f  h e a t  t r a n s f e r  f o r  s u r f a c e  j e t ,  B t u  p e r  
h o a r ,  s o u a r e  f o o t ,  OP 

h-1 t h e r m a l  c o n d u c t i v i t y  o f  L u c i t e  p l a t e ,  B t u  p e r  h o u r ,  
s q u a r e  f o o t ,  OF per f o o t  

k t h e r m a l  c o n d a c t i v i t g  o f  a i r ,  Btu p e r  h o l i r ,  s q u a r e  f o a t ,  
Or' p e r  f o o t  

L d i s t a n c e  f r o m  n o z z l e  e x i t  t o  p o i n t  u c d e r  c o n s i d e r s t i o n ,  
f e e t  

2 t h i c k n e s s  of L u c i t e  p l a t e ,  f e e t  

p b a r o m e t r i c  p r e s s u r e ,  i nches  o f  mercu ry  

q u n i t  h e a t  t r a n s f e r  t h r o u g h  t h e  L u c i t e  p l a t e ,  B tu  p e r  
h o u r ,  s q u a r e  f o o t  

m L~ maximum p r o f i l e  j e t  t e m p e r a t u r e  a t  ani. d i s t a n c e  x ,  07 - 

TO 

Ip. 

'a 

a 

U 

U O  

X 

j e t  t e n p e r a t u r e  a t  n o z z l e  e x i t ,  OF 

a n b i e n t - a i r  t c m g e r a t u r e ,  '2 '  

t e m p e r a t u r e  o f  t o p  s u r f a c e  of l u c i t e  p l a t e ,  OT 

t e m p e r a t u r e  of bottcJrn s u r f a c e  o f  L u c i t e  p1a t . e .  ' 3 '  

maxinum p r o f i l e  j e t  t e m p e r a t u r e  r i s e  a b o v e  a E b 9 e n t - a i r  
0 t e a p e r a t u r e ,  a t  a n y  d i s t a n c e  x ,  3 

j e t  t e m p e r a t u r e  a t  nozzle e x i t  a b o v e  a m b t e ? t - a i r  teninera-  
t u r e ,  G~ 

v e l o c i t y  a t  any  p o i n t  i n  t h e  j e t ,  f e e t  9 e r  s econd  

maxinum p ~ o f f l e  j e t  v e i o c i t y  a t  any  d i s t s c c e  a ,  f e e t  p e r  
s e c o n d  

j e t  v e l o c i t y  a t  n o z z l e  e x i t ,  f e e t  p e r  s e c o r d  

d i s t a n c e  f r o m  a p p a r e n t  j e t  o r i p i n ,  f e e t  
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d i s t s c c e  p e r p e n d i c u l s r  t o  s u r f s t c e ,  f e e t  

d i s t a n c e  p e r p e n d l c u l a r  t o  s u r f a c e  where  J e t  a e l o c i t v  
i s  one-half Urn ,  f e e t  

311s s e 1 t number 

S e y n o f d s  number 

d e c s i t y  o f  a i r ,  slugs p e r  c u b i c  f o o t  

a n g l e  of  e x p a c a i o r  o f  s u r f a c e  j e t ,  d e g r e e s  

abso1u:e v i s c o s i t y  o f  a i r ,  pound-secones p e r  s q u a r e  
f o o t  

The t e s t  equ ipmen t  e z p l o p e d  ( f i g .  1) z o z s i s t e d  o f  a 
s u r f a c e  j e t  ~ o z z l e  d i s c b a r p i n e  h e a t e d  a i r  o v e r  a L u c i t e  
p l a t e  ( 1 2  in .  wide by 24 in, long by 1 / 4  in. t h i c k ) ,  whrch 
W I S  z ~ o i i n t e d  a b o v e  a n  i c e  3 3 t h .  S u r f a c e - t p e  t ! i e - r o c o z p l e s  
were  i n s t a l l e d  on t h e  u p p e r  end l o w e r  surfaces o f  t '-e Lccite 
p l e t e  ( f i g .  ? >  a t  f o l i r  s t s t t o n s  5 ,  I@, 15, a r d  99 9r.cl-es 
from t h e  n o z z l e  e x i t ,  t o  measure  t h e  t e r p e T g t - i f e  2 r o p  t k r o u g k !  
t t e  p l a t e .  '1IFe t h e r m s 1  c o n d u c t i v f t v  o f  t h e  c l q t e  ( ~ r l  = 
0,125 B t u / h r ,  s a  f t ,  ' F / f t >  was d e t e r m f n F 5  e s p e r i z e n t s l l v  
and  t b e  F l s t e  was employed as a h e a t  m e t e r .  

J e t  v e l o c i t f e s  a n d  t e n p e r a t a r e s  were m e s ~ u r e d  i3 E 
v e r t i c a l  p l s o e  e x t e n d i n e  t h r o u g h  t h e  l e r r t h w l s e  c e n t e r  line 
of t h e  p l a t e .  These  n e a s u r e n e n t s  w e r e  made w i t h  a v e l o c t t v -  
t e m p e r a t L r e  F r o b e  ( f i g .  1) c o n t a i n i n g  a t o t a l  s n 3  3 s t s t i c  
p r e s s u r e  t u b e  and a t h e r m o c o u p l e  p r o b e .  A a i c r o a s n o a e t e r  
was e s p l o y e d  t o  d e t e r m i n e  t h e  j e t  v e l o c i t i e s  e n d  t h e  j e t  
t e z p e r a t u r e s  a n d  L u c i t e - p l a t e  s u r f a c e  t e n p e r s t a r e s  were 

p o t  e n t  i o r n e t  e r  . 
3 i n d i c a t e d  57.7 a B r o w f i ,  d i r e c t - r e a d i n g ,  s e l f - b s i a s c i n e  

T e s t s  were  c o n d u c t e d  wit!: t h r e e  s - i r f s c e  > e t  n o 7 i l e s  
( f i g ,  S )  0.547, 0.313, aEd 0.102 i n c h  deep  st t 3 e  n o z z l e  
e x i t s  h e r e i n  d e s i g n a t e d  as n o z z l e s  A ,  3, 936 c ,  r e s p e c t i v e l y .  
Each  n o z z l e  was 1 2  i n c h e s  wide .  Ic o r d e r  t o  i n s m e  u n i f o r m  
j e t  a i r  flow, t t 9  n o z z l e s  were a l l  d e s i g c e 4  t o  hr_Ve t h e  
e x i t  d e p t h  and  w i d t h  p r e v a i l  f o r  2 l e s g t k  o f  a t  l e a s t  10 



5 

n o s z l e  d e r t h s  b e f o r e  t h e  n o z z l e  e x i t .  Wozzle-exi t  j e t  t en-  
p e r a t u r e s  o f  a p p r o x t z a t e l y  100' and  153' F t o g e t h e r  w % t h  
c o z z l e - e x i t  v e l o c i t l e s  r a n g i n g  f r o n :  50 t o  22G f e e t  p e r  s e c o n d  
were  e n p l o y e d  d u r i n F  t h e  t e s t s .  F i v e  t o  n i n e  t e s t s  were  con- 
d u c t e d  w i t h  each  n o z z l e ,  a n d  d u r i n g  e a c h  t e s t ,  m e a s u r a e n t s  
o f  t h e  naximun p r o f i l e  v e l o c i t y  a n d  temperature i n  t h e  J e t  
and  o f  t h e  h e a t  t r s n s f e r r e d  t h r o u g h  t h e  L u c t t e  p l a t e  were  
o b t a i n e d  a t  e a c h  o f  t h e  f o u r  i n s t r u m e n t e d  s t a t i o n s .  V e l o c i t y  
p r o f i l e s  were measured  a t  each  s t a t i c n  c?uricg s e v e r a l  of t k e  
t e s t s  conductec2 w i t h  n o z z l e  B. 

XESULTS U 3  D IS CUSS I G N  
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The r e s u l t s  o f  t h e  t e s t s  a r e  T r e s e z t e a  i n  t a ' S l e  I .  
T k e  , j e t  v e l o c i t  fes g i v e n  weye c a l c u l a t e d  f r o E  t h e  d i f f e r e r c e  

p re s su re .  The s t a t i c - p r e s s G r e  m e s s w e x e c t s  ir t k e  . j e t  were  
n o t  u s e d  ir, t h e s e  c ~ l c u l a t i o n s  b e c a u s e  t h e  s t a n O a r d  s t a t i c  
t u b e  employed e r r o n e o u s l y  r e c o r d e d  l a r g e  oep-i t  i v e  p r e s s u r e s .  
O t h e r  i n v e s t i z a t o r s  ( re :e rences  1 and 3: u s i n e  s i z i l s r  
equip lcent  a l s o  found  t h i s  t o  be t r u e .  Flowever,  when m o r e  
r e f i n e d  eau ipmen t  w a s  employed, t h e y  f o c n d  t h e  c o r r e c t  s t a t i c  
p r e s s u r e  i o  t h e  ,Jet t o  b e  a p p r o x i 3 a t e l v  oce-half p e r c e n t  o f  
t h e  dynamic  F r e s s u r e  above  ambfent  s t a t i c  p r e s s u r e .  There-  
f o r e ,  t h e  e r r o r  i r ivo lved  i n  u s i n g  t h e  a r b f e n t  s t p t i c  p r e s -  
s u r e  i s  n e g l i g i b l e .  The r a t e  o f  h e a t  t r a n s f e l r  tk-oLglr, t h e  
L u c i t e  p l a t e  and t h e  c o e f f i c i e n t s  o f  h e a t  t r a n s f e r  were  
e v a l u a t e d  b y  t h e  r e l a t i o n s h i p s  

F between t h e  t o t a l  p r e s s u r e  i n  t 3 e  j e t  snd  t h e  s n 5 2 e n t  s t ? t i c  

a n d  

9 
f ; =  T, - T 't 
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A t s p i c a l  s e t  o f  t h e  v e l o c i t y  p r c f i l e  d a t a  obtair ,ec? 
d u r i n g  t h e  t e s t s  o f  n o z z l e  B h a s  I e e n  p l o t t e d  n c z d i z e c -  

curve draw:: OE t h i s  p l o t  5s f r o m  a s i m i i a r  p l o t  Fiver,  i n  
r e f e r e z c e  1 for v e l o c i t y  p r o f i l e s  i n  a~ -iinhe=ited s u ~ f ~ c e  
j e t .  S i n c e  t k e  e x p e r i m e n t a l  p o l n t s  cocform t o  t k e  c - i r v e ,  
i t  is e v i d e n t  t h a t  t h e  j e t  t e m p e r s t u r e s  zx~ci, t h e  h e z t  t ? q E s -  
f e r  from t h e  j e t  had no  m e i s u r a b l e  e f f e c t  or! t h e  v e l o c i t v  

d s i o c a l l y ,  U/U, as a f u n c t i o n  of  :;/yr, i n  f i g u r e  4 .  "e 



p r o f i l e s .  T h u s ,  i t  wzs c o 2 c l u d e d  t h a t  r e l s t  i o n s h i c s  d e f i n -  
i n g  j e t  v e l o c i t i e s  ic u n h e a t e d  s u r f a c e  . je ts  c o u l d  b e  a p q l i e d  
e q u a l l y  w e l l  t o  h e a t e d  s u r f a c e  J e t s .  C o n c e r n i n e  t h e  nsximum 
p r o f i l e  v e l o c i t i e s ,  r e f e r e n c e  1 s t a t e s  t h a t  t t e  nsr imurn Dro-  
f i l e  v e l o c i t y  (u,), a t  any  p o i n t  x1 i s  r e l e t e d  t o  t h e  
Kzximum p r o f i l e  v e l o c i t y  (lJm)z a t  a n y  o t h e r  p o i n t  x 2  i n  
t 5 e  s a n e  j e t  by t h e  r e l a t i o n s h i p  

where x ( f i e .  5 )  i s  t h e  d i s t a 2 c e  f r o n  t h e  a p p a r e c t  j e t  
o r i g i n  t c  t h e  p o i n t  u n d e r  c o c s i d e r a t i o n  znd  may > e  d e f i r i e d  , 
?IS 

x = L + e  ( 2 )  

where 
d 

t a n  01 
e =  

The a n g l e  a i s  i n d i c a t e d  from t h e  d a t a  o f  r e f e r e r , c e  i t o  
b e  a p p r o x i m a t e l y  3 i - O  a n d  t h i s  v a l u e  i s  i n  a g r e e x c c t  w i t h  
t h a t  observed d u ? i E g  t h e  p r e s e a t  t e s t s .  K e a s u r e a e n t s  o f  
t h e  !Laxinu= p r c f f i l e  v e l o c i t i e s  f o r  e a c h  n o z z l e  S ~ G I  e d  t h a t  
t h e  i n i t i a l  v e i G c i t y  U o  was e q u a l  t o  U, f ~ r  a i e r i g t h  
o f  appro i : iaa :e ly  G d  f r o m  each  n o z z l e  e x i t .  "2s. e a u a t i o n  
(1: mag be w r i t t e n  as follows: 

T h i s  r e l a t i o n s h i p  i s  compared t o  t h e  t e s t  6st.a i n  f i g u r e  6 .  
The e x p e r i n e n t a l  p o i n t s  conform t o  t h e  c u r v e  ( e c r u s t i o n  ( 4 ) )  

t o  a b e t t e r  d e g r e e  a t  t h e  h i e h e r  v a l u e s  o f  - ,  =md I t  

i s  p r o b a b l e  t h s t  t b e  r e l a t i o n s h i p  i s  n o t  s t r i c t l y  ~ 9 1 5 3  s t  

. Low v a l u e s  o f  low v a l u e s  o f  
a t  d i s t a n c e s  x which are l a r g e  w i t h  r e a r e c t  t o  t h e  o u a c t i t v  
e + 4 d ,  a c o n s t a n t  f o r  a n y  g i v e n  n o z z l e  d e T t h .  The naxi- 
murr; d e v i a t i o n  o f  a n y  o f  t h e  p o i n t s  f rom t 3 e  c u r v e  i s  l e s s  
t > a n  30  p e r c e x t .  

e + 4 d  
L 

15 

e + 4 d  e + 4d a r e  encol int  e r e d  
X x 



. S h e a r e t  i c a l  t e E p e r a t u r e  d a t a  f o r  f r e e l y  e x p s x d l n e  p l a n e  
j e t s  ( r e f e r e z c e  2 )  s h o w  tfizt t h e  maximum profile j e t  t e n -  
p e r T t u r e s  a b o v e  a n b i e c t - a i r  t e m p e r s t u r e  a r e  p ~ o ~ o r t  i o c a l  tc\ 
t h e  maxipun! p r o f i l e  j e t  v e l o c i t i e s .  Thus t h e  maximum pro- 
f i l e  j e t  t e m p e r a t u r e  d a t a  g iven  i n  t a b l e  I were  p l o t t e d  
n o n d f m e n s i o L a l l g  ( e n ! / e o )  as a f u n c t i o n  of v e l o c i + , r  ( V r c / U 0 )  

i n  f i g u r e  7 .  The p l o t  p r o v i d e s  t h e  r e l s t i o c s h i p  

The aaximun d e v i a t i o n  of any  of t h e  t e s t  p o i n t s  f r o m  eqxls- 
t i o n  ( 5 )  i s  l e s s  t h a n  2 5  p e r c e n t .  E a u s t i o n  ( 5 )  as~'?11es 
t k a t  t h e  h e a t  t r a n s f e r  t o  t h e  s u r f a c e  hss a n e F l i y i b S e  
e f f e c t  on t h e  t e m p e r a t u r e  i n  t h e  j e t .  T h I s  assur r ,p t ion  i s  
based on t h e  f s c t  t h a t  t h e  h e a t  t r a n s f e r r e d  t o  t h e  s u r f a c e  
i s  v e r y  s m a l l  i n  compar i son  w i t h  t h e  h e z t  c o n t e n t  of tfie 
j e t  a n d  i t s  v a l i d i t y  i s  amply v e r i f i e d  by f i g u r e  7. T u r t k e r -  
more,  t h e  h e a t  f l o w s  o b t a i n e d  d u r i n g  t h e  t e s t s  q r e  com- 
p a r a b l e  w i t h  t h o s e  which  would p r e v a i l  ic a p i a c e  hea ted -  
air j e t  i n s t a l l a t i o n  for a i r c r a f t  w i c d s h i e i d  f o g  p r e v e n t l o a ,  

The c o e f f i c i e n t  o f  h e a t  t r a n s f e r  h i s  presumed t o  b e  
de f  i r e d  f r o m  t n e  t h e c r y  of s i n i l a r i t y  of h e a t  t r a n s f e r  ( r e f  er- 
e n c e  4 )  as 

where  c Is  a c o n s t a n t  f o r  a n y  gi,ven surfsce j e t .  B v  U F ~  

o f  e c u a t i o r s  (31, ( 4 > ,  a n d  ( 6 )  a c o n s t a n t  c1 ii19v be  d e f i n e d  
f o r  any s i i r f a c e  j e t  a s  f o l l o w s :  If two s u r f . r c e  j e t s  w i t h  a 
common j e t  o r i g i n  b u t  o f  n o z z l e  d e p t h s  d snd dl, r e -  
s p e c t i v e l y ,  a r e  o p e r a t e d  s o  t h s t  a t  a d i s t a n c e  x~ f r o m  t h e  
a p p a r e n t  . j e t  orlgin e a c h  has t h e  same m3ximum p r o f i l e  tem- 
p e r a t u r e  and  msximum p r o f i l e  v e l o c i t y ,  t h e  v e l o c i t y  proffles 
a t  t h e  p o i n t  x1 w i l l  be t h e  same for each  j e t  and theTe- 
f o r e  t h e  c o e f f i c i e n t s  of h e a t  t r a n s f e r  f o r  e a c k  J e t  a t  t h a t  
p o i n t  w i l l  b e  i d e n t i c e l .  Thus f rom e a 2 a t I o n  ( 6 )  

The c o E b i n a t i o n  o f  e a - u a t i o n  ( 7 )  w i t h  e a u a t i o n s  ( 3 )  and ( 4 )  
y i e l d s  



. 

a 

acd e a u a t i o n  ( 6 )  may be w r i t t e n  i n  t e r m s  of c 1  and d l  2s 

hx 
k 

- =  

d $  
v a l u e s  of hx/B and (y? (z) have been  e v a l u s t e d  

i n  t a b l e  I u s i n g  a v a l u e  o f  1/1? f o o t  f o r  C L ,  t k i s  v a l u e  
S e i n g  d e f i n e d  as d r .  L o g a r i t h m i c  p l o t s  of  h x / k  as a 

U , X P  d Q  
f o r  e z c h  n o z z l e  t e s t e 0  as w e l l  

as a comparison of t h e s e  p l o t s  a r e  p r e s e n t e d  i n  f i g u r e  5. 
The asximum d e v i s t i o n  o f  any o f  t h e  t e s t  p o i n t s  f r o m  t h e  
Bean c a r v e  f o r  ally o f  t h e  p l o t s  i s  l e s s  t h a n  20 p e r c e z t .  

f x a c t i o s  of <-J-> (-d;> 

The c a r v e s  o f  f i p r e  8 all h3ve a s l o p e  of 0 . 6 5 ;  t h u s  
n = 0.65  f o r  a l l  t h e  j e t  n o z z l e s  t e s t e d .  The p l o t s  f c r  
n o z z l e s  A a n d  3 show c l  t o  b e  0 .16 ,  w h i l e  t h s t  f o r  n o z z l e  
C yields a v a l u e  o f  c1 o f  0.21. I t  is p r o b a b l e  tkjzt  t h e  
v a l u e  o f  6.16 is more r e l i a b l e ,  f o r  as p o i n t e d  o u t  w i t h  r e -  
g a r d  t o  t h e  v e l o c i t i e s ,  t h e  e x p r e s s i o n s  d e v e l o c e e  f i e r e i n  mag 

e + 4 2  
n o t  be s t r i c t l y  v a l i d  a t  l o w  values of  -- stnd a11 t h e  

I 

e + 4d 
d a t a  f o r  n o z z l e  2 were  t a k e n  a t  l o w  v a l u e s  of . ( s e e  

x 
f i g .  6.) A ~ S Q ,  t h e  v a l u e s  o f  d mag chanee  s l i ~ h t l y  d u r i n g  
a c t u a l  t e s t  o p e r a t i o n ,  a n d  any  c h s n e e  i n  d would a f f e c t  
t h e  v a l u e  o f  
t h a n  i t  would f o r  t h e  o t h e r  n o z z l e s .  F u r t h e r m o r e ,  l i t t l e  
c o n s i d e r a t i o n  need  be  F i v e n  t o  t h e  d a t a  of  n a z z l e  C s i n c e  
n o z z l e s  o f  s u c h  a sma l l  deDth ( d  = 0.1C2 i n . )  would h a v e  
l i t t l e  p r a c t i c a l  u s e .  Thus, t h e  e a u a t i o r ,  r e c o z r e r - e e d  f o r  
t h e  e v a l u a t i o n  of  t h e  c o e f f i c i e n t  o f  h e a t  t r a c s f e r  f o r  s u r -  
f a c e  j e t s  i s  

( d / d , ) *  f o r  n o z z l e  C by a C r e T t e r  amount  

4 
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. 

where  dr i s  e q u a l  t o  1 /12  f o o t .  

A m e s  A e r o n a u t i c a l  L a b o r a t o r y ,  
E a t i o n a l  A d v i s o r y  Corcmittee f o r  A e r o a a u t i c s ,  

X o f f e t t  F i e l d ,  C a l i f . ,  F e b r u a r y  14, 1946. 
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(a) Side vies 

Figure 3.- Surface j e t  n o z z l e s  k ,  9, and C .  
(Right  t o  l e f t .  ) 

(b) Front  view 

F i g u r e  1.- S i d e  aftd f r o n t  views of surface j e t  
t e s t  apparatus. 
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Figs. 4,5 
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F igure 4.- Typical e e t  o f  ve loc i ty  p r o f i l e  data compared 
wi th  nondimensionel ve loc i ty  p r o f i l e  curve of 

reference 1. 
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Figure 5,- Surfzce j e t  conf ikura t ion .  
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.o 

Figure 6.- Veloc i t  r a t i o  Um/Uo as a function of d i s t a n c e  r a t i o  
( e  + 4dT/x. 

0 .2 .4 .6 .E3 1.0 
umluo 

Ficjure 7.- Temnerature ratio em/e0 as a function o f  ve loc i ty  
rat io Um/iio.  
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